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Abstract 
Diffuse irradiance under clear sky condition is of importance for many solar energy applications. In this work, a 
semi-empirical model for the estimation of clear sky diffuse irradiance in a tropical environment was developed. In 
formulating the model, clear sky diffuse irradiance data from 3 sites in Thailand, namely Chiang Mai (18.78° N 
98.98° E), Nakhon Pathom (13.82°N, 100.04° E) and Songkhla (7.2° N, 100.6° E) were collected. Aerosol optical 
depth from AERONET of NASA and total column ozone from OMI/AURA satellite at the positions of these sites 
were also collected. The model expresses diffuse irradiance as an semi-empirical function of precipitable water, total 
column ozone, aerosol optical depth and solar zenith angle. The empirical constants of the model were obtained by 
using a non-linear multi-variable regression technique. To evaluate its performance, the model was used to calculate 
clear sky diffuse irradiance using an independent data set. It was found that diffuse irradiance calculated from this 
model reasonably agreed with that obtained from measurements. 
© 2010 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of I-SEEC2011 
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1. Introduction 
Clear sky diffuse irradiance is an important information as it is usually required for the estimation of 
clear sky global irradiance [1]. It also indirectly indicates a potential applications of concentrating solar 
power (CSP) technologies. 
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Existing models for calculating diffuse irradiance on a horizontal surface have various degrees of 
complexity, ranging from empirical models to rigorous physical models. Empirical models have an 
advantage in terms of simplicity but they usually lack generality. In contrast to empirical models, physical 
models or radiative transfer models provide more generality and accuracy but they are more complicated 
and need more input data which sometime are not available. As a compromise, we proposed a semi-
empirical model for estimating diffuse irradiance. The formulation of the model is based on solar 
radiation and atmospheric parameters measured at 3 stations in the tropical environment of Thailand. The 
model was validated against an independent data set at 4 stations in this country. 
Nomenclature 
E0 eccentricity correction factor (-) 
Isc Solar constant (1366.1 W m-2)
Id diffuse irradiance on a horizontal surface (W m-2)
Id,meas diffuse irradiance obtained from the measurement (W m-2)
Id,model diffuse irradiance obtained from the model (W m-2)
Tz solar zenith angle (degree) 
w water vapor column (cm) 
AOD500 aerosol optical depth at 500 nm (-) 
"  total ozone column (cm) 
a, b, c, d, e coefficients of the proposed diffuse irradiance model (-) 
2. Measurements and data preparation 
Diffuse solar irradiance data used in this work were obtained from our four solar radiation monitoring 
stations located in different regions of Thailand: Chiang Mai  (18.78°N, 98.98°E) in the North, Ubon 
Ratchatani (15.25°N, 104.87°E) in the Northeast,  Nakhon Pathom (13.82°N, 100.04°E) in the Center and 
Songkhla (7.20°N, 100.60°E) in the South. For each station, diffuse solar irradiance on horizontal surface 
was measured by using a pyranometer of Kipp&Zonen (model CM11) equipped with a shade ring of 
Kipp&Zonen (model CM121). The pyranometer was installed on a roof top of a building free from 
obstructs. A voltage signal from the pyranometer was captured by a data logger of Yokogawa (model 
DC100) at every second. Afterward, the signal data were averaged for the period of 10 minutes and the 
average values were recorded in the data logger. The pyranometers at these stations were calibrated 
annually using a traveling pyranometer recently calibrated by manufacturer. The accuracy of diffuse 
irradiance measurements was estimated to be about 8%. 
At each station, a Cimel sunphotometer (model CE318) was installed to measure solar spectrum at the 
wavelength of 340, 380, 440, 500, 675, 870 and 1020 nm. The sunphotometers belong to our laboratory 
and were operated by our staffs. They are members of the Aerosol Robotic Network (AERONET) of 
NASA [2]. The spectrum data from these sunphotometers were processed by AERONET to obtain optical 
properties of aerosols and precipitable water. The sunphotometers were sent to calibrate regularly at 
NASA. 
As only diffuse irradiance data during clear sky periods were required for the analysis, a sky camera 
produced by Prede Company, Japan (model PSV-100) was installed at each station. The sky camera was 
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equipped with fish-eye lens capable of recording digital images of the whole sky. The images of the sky 
at four stations were taken and recorded every 10 minutes.  
The images of the sky were visually inspected to indicate the periods of clear sky. In addition, the 
spectral data from the sunphotometers were also used to identify the clear sky periods by using the cloud 
screening procedure of AERONET [3]. The clear sky diffuse irradiance data for the year 2009 from 
Chiang Mai, Nakhon Pathom and Songkhla were used to formulate a clear sky semi-empirical model. The 
same type of data for the year 2010 from these stations were employed for the model validation. Due to 
the lack of aerosol and precipitable data of Ubon Ratchatani in the year 2009, diffuse irradiance data at 
this station were not used for the model formulation. Diffuse irradiance data for the year 2010 from this 
station were used for the model validation. 
Information of aerosols, precipitable water and atmospheric ozone during the period of 2009-2010 was 
also prepared. Aerosol optical depth (AOD) derived from the spectrum data obtained from the 
sunphotometers. Precipitable water was also derived from the spectrum data. The derivations of these 
parameters were carried out by AERONET. Daily total column ozone was obtained from AURA/OMI 
satellite.


Fig. 1. Instruments and positions of the measurements a) pyranometer & shade ring b) sunphotometer c) sky camera 
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3. Formulation of the model 
As mention earlier, this work aims to develop a semi-empirical model for estimating diffuse irradiance 
on horizontal surface. The model considers aerosols, water vapour, ozone and solar zenith angle as 
variables affecting clear sky diffuse irradiance. As diffuse irradiance is normally varies with these 
variables in a combination form, we proposed to express diffuse irradiation (Id) as follows: 
Id a Isc E0COSbTz (cAOD500  d w  e " )  (1)
where Tz is solar zenith angle, Isc is solar constant (1366.1 Wm-2), AOD500 is aerosol optical depth at 500 
nm, w is precipitable water (cm), " is total ozone column (cm), E0 is eccentricity correction factor due to 
variation of sun-earth distance and a, b, c, d and e are empirical constants. The eccentricity correction 
factor was calculated by using the full formula reported in Iqbal [4]. 
In order to determine the empirical constants, the model was used to fit the data of Id, AOD500, w and 
"  collected at Chiang Mai, Nakhon Pathom and Songkhla during a clear period of the year 2009 by 
using the non-linear regression technique [5].  The constants a, b, c, d and e are shown in Table 1. 
Table 1. Values of the empirical constants for the diffuse horizontal irradiance model 
Constants Value 
a 0.300000 
b 0.734235 
c 0.347038 
d 0.034209 
e 1.144026 
4. Model validation 
Although the model was formulated by using the high quality data from three stations, it is necessary 
to test the performance of the model. To evaluate its performance, the model was used to compute clear 
sky diffuse irradiance at Chiang Mai, Nakhon Pathom and Songkhla for the year 2010. Additionally, the 
data from Ubon Ratchatani for the year 2010 were also use to validate the model. The diffuse irradiance 
and all input data of the year 2010 from there stations are considered to be an independent dataset as they 
were not involved in the model formulation. Values of diffuse irradiance calculated from the model were 
compared with those obtained from the measurements. The values of root mean square difference 
(RMSD) and mean bias difference (MBD) for each station are shown in Table 2. 
Table 2 the model shows a prediction of diffuse irradiance at Chiang Mai, Nakhon Pathom, Ubon 
Ratchatani and Songkhla with the RMSD of 18.6%, 13.7%, 16.9% and 25.3%, respectively. It is observed 
that RMSD of Songkhla is higher than that of other stations. This may be due to the fact that Songkhla is 
only the station which is situated near the sea and the aerosols at this station are mainly sea salt particles 
which are different from aerosols of the other stations. The difference in light scattering property of 
aerosols in Songkhla, as compared to the other stations, is likely to cause the higher error of the 
estimation.  However, the discrepancy between the calculated and measured diffuse irradiances from the 
combined data of four stations in terms of MBD and RMSD are 3.6% and 18.0%, respectively. It is noted 
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that the accuracy of the proposed model for estimating diffuse irradiance is lower than that of the models 
for calculating global and direct normal irradiances developed in our previous work [12]. This may be 
explained as follows. 
Diffuse irradiance is caused by molecular and aerosol scattering. The portion of diffuse irradiance 
scattered by aerosols depends strongly on their scattering properties. The treatment of the effect of 
aerosols in the proposed model by using only aerosol optical depth may not be sufficient to represent the 
aerosol effect. For the case of global and direct normal irradiance models, their accuracy is less dependent 
on aerosol scattering as compared to that of the diffuse model. Additionally, due to the shade ring, the 
accuracy of diffuse irradiance measurements is less than that of global and direct normal irradiance 
measurements. 
Apart from the model validation, the performance of the proposed model was also compared with 
other physical models. These are Bird’s model [6-7], CPCR2 model [8], ESRA model [9], REST model 
[10] and SOLIS model [11]. These models were used to calculate diffuse irradiance at four stations for 
the year 2010. All input data required by these models were evaluated at the positions of these stations. 
Values of RMSD and MBD are also shown in Table 2. 
 It can be seen that, the proposed model gives better accuracy than that of the other models. This is 
because of the proposed model is tuned to fit the local conditions. The higher errors obtain from the other 
models may be caused by the aerosol treatment in these models, which is not match to the local aerosol 
properties.  
Table 2. RMSD and MBD between the calculated and measured diffuse horizontal irradiance 
Chiang Mai Nakhon Pathom Ubon Ratchathani Songkhla Combined data from four stations Model MBD
(%)
RMSD
(%)
MBD
(%)
RMSD
(%)
MBD
(%)
RMSD
(%)
MBD
(%)
RMSD
(%)
MBD
(%)
RMSD
(%)
Proposed 
model 7.9 18.6 -2.7 13.7 -0.1 16.9 4.9 25.3 3.6 18.0 
Bird and 
Hulstrom 
[6-7] 
31.2 39.7 13.8 19.6 15.1 25.7 -8.0 23.9 20.4 31.8 
CPCR2
[8] 33.2 40.1 13.3 19.4 16.6 23.0 -1.1 20.1 22.3 31.1 
ESRA
[9] 41.1 51.8 22.6 27.2 27.7 36.4 9.7 23.7 31.7 42.2 
REST
[10] 32.7 38.2 10.4 18.9 14.5 23.1 4.9 25.3 20.1 30.4 
SOLIS 
[11] 1.4 20.8 -10.4 18.5 -11.4 23.4 -8.0 23.9 -5.6 21.9 
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5. Conclusion 
A semi-empirical model to calculate diffuse irradiance for a tropical environment has been proposed. 
The model expresses diffuse irradiance as an empirical function of the aerosol optical depth, precipitable 
water, total column ozone and solar zenith angle. The non-linear regression technique was used to 
compute the coefficients of the model. Then the performance of the proposed model was evaluated by 
using an independent dataset. The comparison between the diffuse irradiance obtained from the model 
and ground-based measurements showed reasonable agreement with MBD and RMSD of 3.6% and 
18.0%, respectively. The model compared favorably with the other models.  
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